The ability of mature T lymphocytes to develop effector capacity after encounter with cognate Ag is generally dependent upon inflammatory signals associated with infection that induce dendritic cell activation/maturation. These inflammatory signals can derive directly from pathogens or can be expressed by host cells in response to infection. Heat shock proteins (HSPs) are a class of host-derived inflammatory mediators that perform the duel function of both chaperoning MHC class I-restricted epitopes into the cross-presentation pathway of DCs and inducing the activation/maturation of these DCs to allow priming of cognate CD8 ؉ T cell effector responses. Although the ability of HSPs to elicit effector CD8 cell responses has been well established, their potential to prime CD4 cell effector responses has been relatively unexplored. In the current study we compared the ability of the endoplasmic reticulum-resident HSP gp96 to prime CD4 vs CD8 cells using TCR transgenic adoptive transfer systems and soluble gp96-peptide complexes. As expected, gp96 facilitated the cross-presentation of a class I-restricted peptide and priming of effector function in cognate CD8 cells. Interestingly, gp96 also facilitated the in vivo presentation of a class II-restricted peptide; however, the resulting CD4 cell response did not involve the development of effector function. Taken together, these data suggest that gp96 is an inflammatory mediator that selectively primes CD8 cell effector function. The Journal of Immunology, 2004, 172: 6087-6092. M ature T lymphocytes can be divided into two major subsets based on their expression of either CD4 or CD8 coreceptors. Both subsets remain in a functionally quiescent state before contact with their cognate Ags, but can be primed to differentiate into effector T cells after exposure to these Ags either in the context of infection or when admixed with adjuvant. In contrast, antigenic exposure in the absence of inflammation generally results in nonproductive or tolerogenic T cell responses.
M ature T lymphocytes can be divided into two major subsets based on their expression of either CD4 or CD8 coreceptors. Both subsets remain in a functionally quiescent state before contact with their cognate Ags, but can be primed to differentiate into effector T cells after exposure to these Ags either in the context of infection or when admixed with adjuvant. In contrast, antigenic exposure in the absence of inflammation generally results in nonproductive or tolerogenic T cell responses.
Inflammatory mediators that promote effector T cell responses appear to function by inducing the activation/maturation of dendritic cells (DCs) 3 that present cognate Ags (1-4) and can derive directly from pathogens (e.g., LPS) (5-7) or can be host factors that are induced by infection (e.g., type I IFNs) (8) . A third class of inflammatory signals includes intracellular host factors that are present constitutively, but only made accessible to DCs after necrosis (e.g., genomic DNA (9) and uric acid (10)). A particularly interesting example falling into this category is the heat shock proteins (HSPs). HSPs are abundant, extremely well conserved in evolution, function primarily as chaperones during protein synthesis and folding, and protect cells from mechanical and thermal stresses. HSPs can also induce Ag-specific effector CD8 cell responses that can protect hosts from both infectious and malignant challenges (reviewed in Ref. 11) . The immunogenic properties of HSPs appear to stem from at least two separate activities. Similarly to other inflammatory mediators, HSPs can induce dendritic cell maturation/activation (12) (13) (14) (15) and migration into draining lymphoid organs (16) , but also possess the unique ability to chaperone antigenic peptides into the cross-presentation pathway of dendritic cells via specific surface receptors (14, (17) (18) (19) . Given that HSPs are released from necrotic cells (13, 20) along with their abilities to facilitate Ag presentation and to activate APCs, it has been postulated that they might play a role in priming effector T cell responses to lytic intracellular pathogens (11) .
The ability of HSPs to facilitate the cross-presentation of MHC class I-restricted epitopes and to prime CD8 cell effector responses has been well established (11) ; however, the potential for HSPs to facilitate the presentation of MHC class II-restricted epitopes and to prime CD4 cells has been relatively unexplored. In the current study we compared the ability of the endoplasmic reticulum-resident HSP gp96 to prime CD4 vs CD8 cells using TCR-transgenic adoptive transfer systems and soluble gp96-peptide complexes. As expected, gp96 facilitated the cross-presentation of a class I-restricted peptide and priming of effector function in cognate CD8 cells. Interestingly, gp96 also facilitated the in vivo presentation of a class II-restricted peptide; however, the resulting CD4 cell response did not involve the development of effector function. Taken together, these data suggest that gp96 is an inflammatory mediator that selectively primes CD8 cell effector function.
Materials and Methods
Mice and adoptive transfers 6 ϩ nontransgenic (NT) recipients were performed as previously described (23) (24) (25) . In short, naive clonotypic CD4 cells were prepared from lymph nodes (LN) of 6.5 donors, depleted of CD8 cells using CD8-conjugated magnetic beads (Dynal Biotech, Lake Success, NY), labeled with the fluorescent dye CFSE and injected into the retroorbital sinus of recipient mice. Adoptive transfers of 1 ϫ 10 6 naive Thy1.1 ϩ CFSE-labeled clone 4 clonotypic CD8 cells were performed similarly, except that donor cell preparations were depleted of CD4 cells using magnetic beads.
Generation of soluble gp96-peptide complexes, immunizations, and FACS analysis
gp96-peptide complexes were generated following the previously described protocol (26) . In short, soluble synthetic peptides were mixed with soluble gp96 purified from mouse liver and kidney (27) at a molar ratio of 50:1 in PBS, heated to 50°C for 10 min, cooled at room tenperatute for 30 min, and subsequently washed several times using Amicon Ultra filters with a 30 kDa cut-off (Millipore, Bedford, MA) to remove noncomplexed peptides. The same preparation of gp96 was used throughout this study. Mouse serum albumin (MSA; Sigma-Aldrich, St. Louis, MO)-peptide complexes were generated using a similar protocol, except that Amicon filters with a 10-kDa cut-off were used.
Immunizations with gp96 and MSA peptide complexes, soluble peptide, and 10 5 PFU of recombinant vaccinia virus expressing HA (vacc-HA) were performed intradermally at the midline of the abdomen, and the clonotypic T cells were recovered 4 days later from the draining inguinal, brachial, and axillary LN for analysis.
Intracellular cytokine staining of clonotypic T cells after 5-h restimulation with the appropriate class I-or class II-restricted HA peptides (100 g/ml) was performed as previously described (23) (24) (25) with the following modifications. Clonotypic CD4 cells (gated as Thy1.1 ϩ and CFSE dim ) were stainedwithPE-conjugatedanti-IFN-␥andallophycocyanin-conjugatedanti-IL-4 or PE-conjugated anti-IL-2 and allophycocyanin-conjugated anti-TNF-␣, and clonotypic CD8 cells (also gated as Thy1.1 ϩ and CFSE dim ) were stained with PE-conjugated anti-IFN-␥ and allophycocyanin-conjugated TNF-␣ (BD PharMingen, San Diego, CA).
Results

gp96 can facilitate the in vivo presentation of MHC class II-restricted epitopes
It has been well established that several HSPs can chaperone MHC class I-restricted epitopes into in vivo cross-presentation pathways and elicit CD8 cell effector responses (11) . These HSPs can derive from either the cytoplasm (e.g., hsp70) or the endoplasmic reticulum (e.g., gp96), and chaperone the endogenous peptides that they naturally complex with. Comparable CD8 cell effector responses can also be elicited by HSPs that are complexed to synthetic peptides in vitro (26) . To examine the potential of HSPpeptide complexes to induce CD4 cell responses, we used our previously established model in which CFSE-labeled naive Thy1.1 ϩ clonotypic 6.5 TCR transgenic CD4 cells specific for influenza hemagglutinin (HA) are adoptively transferred into Thy1.2-expressing NT recipient mice, and their proliferative and functional responses are tracked after exposure to various forms of HA (23) .
When 70 g of gp96 complexed to the cognate I-E d -restricted HA peptide was injected intradermally into adoptive transfer recipients, and the response of the clonotypic CD4 cells was assessed 4 days later after recovery from the draining LN, these clonotypic CD4 cells were found to have undergone a significant proliferative response, as evidenced by their diluted levels of the fluorescent dye CFSE (Fig. 1) . Roughly similar proliferative responses were elicited by vacc-HA as well as a large bolus of soluble HA peptide (200 g). Several controls indicated that clonotypic CD4 cell proliferation elicited by gp96-HA peptide complexes was mediated through the ability of gp96 to act as a chaperone in delivering the class II-restricted HA peptide to be presented by APCs. First, clonotypic CD4 cells exposed to 120 ng of soluble HA peptide (the amount that would be complexed to 70 g of gp96 if the complexing efficiency were 10%, which is the upper limit of complexing efficiencies (26)) underwent negligible proliferation. Additionally, 70 g of gp96 complexed to the unrelated I-E d -restricted peptide L11 (28) , as well as HA peptide complexed to 70 g of MSA (a non-HSP control) both elicited negligible proliferation. Finally, admixture of noncomplexed soluble HA peptide (120 ng) plus 70 g of gp96-L11 complexes resulted in negligible proliferation, indicating that gp96 and HA peptide must be physically associated to induce clonotypic CD4 cell proliferation.
gp96 cannot elicit CD4 cell effector function
To characterize the functional capacity of the clonotypic CD4 cells that had been induced to undergo proliferation by gp96-HA peptide complexes, we assessed their ability to express effector cytokines by intracellular staining after in vitro restimulation with HA peptide-pulsed APCs (Fig. 2) . Consistent with our previous results (23) (24) (25) , naive clonotypic CD4 cells could not express either the Th1 effector cytokine IFN-␥ or the Th2 effector cytokine IL-4 (presumably because the promoter regions of the these effector cytokine genes exist in a condensed or inaccessible configuration (reviewed in Ref. 29) , whereas clonotypic CD4 cells primed with vacc-HA developed the capacity to express high levels of IFN-␥, but not IL-4. Also as predicted, clonotypic CD4 cells exposed to a large bolus of soluble HA peptide (200 g) that is known to induce tolerogenic differentiation (24, 30) could not express significant levels of either effector cytokine. Importantly, although gp96-HA peptide complexes elicited clonotypic CD4 cell proliferation (Fig.  1) , these clonotypic CD4 cells did not develop the capacity to express either IFN-␥ or IL-4 (Fig. 2) . Titration experiments indicated that decreasing the dose of immunizing gp96-HA peptide complex from 70 to 7 g and 1 g resulted in a progressive decline in the percentage of clonotypic CD4 cells that underwent division (with 1 g eliciting negligible division), whereas increasing the dose to 140 g did not increase proliferation compared with 70 g. Furthermore, at none of these immunizing doses did the divided clonotypic CD4 cells acquire the capacity to express effector cytokines (data not shown).
gp96 elicits both CD8 cell proliferation as well as effector function
Given the ability of gp96-peptide complexes to elicit CD8 cell effector responses in normal mice (26) , the preceding experiments using adoptively transferred TCR transgenic CD4 cells, which indicated that gp96 can chaperone MHC class II-restricted peptides to be presented in vivo, but that the ensuing CD4 cell response does not involve the development of effector function, suggested that there might be an inherent difference in the ability of gp96-peptide complexes to prime CD8 vs CD4 cell effector functions. Although the TCR transgenic CD4 cells developed effector function (i.e., IFN-␥ expression potential) in response to vacc-HA, we wanted to confirm that the inability of gp96-peptide complexes to elicit CD4 cell effector function was not due to a limitation in the adoptive transfer technique. Thus, we performed analogous adoptive transfer experiments using TCR transgenic CD8 cells specific for a K d -restricted HA epitope (i.e., clone 4 CD8 cells) (22) and cognate gp96-HA peptide complexes.
As predicted based on previous adoptive transfer studies using clonotypic clone 4 CD8 cells (31) , naive clonotypic CD8 cells underwent robust CFSE dilution in response to both vacc-HA as well as a large bolus of soluble K d -restricted HA peptide (130 g; Fig. 3 ). Immunization with 7 g of gp96 complexed to the K drestricted HA peptide also induced the clonotypic CD8 cells to under robust CFSE dilution. This proliferative response was mediated through the ability of gp96 to chaperone the class I-restricted HA peptide into the cross-presentation pathway, as confirmed by the following controls. gp96 (7 g) complexed to the irrelevant H-2 d class I-restricted peptide AH1 (32) did not induce clonotypic CD8 cell proliferation, and 10 ng of soluble HA peptide (the amount that would be complexed to 7 g of gp96 if the complexing efficiency were 10%) elicited relatively weak proliferation.
Clonotypic CD8 cells that remained in a naive state after exposure to 7 g of gp96-AH1 peptide complexes, or that had undergone limited division after exposure to 10 ng of soluble peptide, expressed moderate levels of TNF-␣ and low levels of IFN-␥ after in vitro restimulation with HA peptide-pulsed APCs (Fig. 4) . Immunization with vacc-HA induced a dramatic increase in IFN-␥ expression potential as well as a slight increase in TNF-␣ expression potential. In contrast, exposure to a large bolus of HA peptide (130 g) resulted in a loss of TNF-␣ expression potential and no development of IFN-␥ expression potential, consistent with the capacity of soluble peptide to induce tolerogenic clonotypic CD8 cell responses (31) . Importantly, clonotypic CD8 cells immunization with 7 g of gp96 complexed to HA peptide developed the capacity to express substantial levels of IFN-␥ (albeit to a lesser extent than with vacc-HA) and also retained the capacity to express TNF-␣. Immunization with 70 g of gp96-HA peptide complex induced a similar response (data not shown). Clonotypic CD8 cells primed with 7 g of gp96-AH1 peptide complexes and 130 g of soluble HA peptide expressed minimal levels of both IFN-␥ and TNF-␣, indicating that gp96 and HA peptide must be physically associated to elicit clonotypic CD8 cell effector function. Thus, gp96 peptide complexes can elicit the development of effector function in cognate, adoptively transferred, clonotypic CD8 cells.
gp96 does not induce CD4 cell tolerance
The data presented above indicate that gp96-HA peptide complexes can induce naive clonotypic CD4 cells to undergo proliferation without developing the capacity to express Th1 or Th2 effector cytokines. This response is consistent with the development of a tolerant phenotype (23) , although it could have also been immunologically neutral (i.e., these CD4 cells would retain the capacity to respond to a stronger immunogenic signal). We therefore asked whether naive clonotypic CD4 cells that were initially primed with gp96-HA peptide complexes (or exposed to soluble peptide boluses as a tolerogenic control) would be able to respond to secondary immunization with vacc-HA. Pilot experiments indicated that naive clonotypic CD4 cells must be exposed to multiple soluble peptide boluses (at least three) before they lose the capacity to respond to subsequent immunization with vacc-HA (data not shown). Thus, to ascertain whether gp96 induces clonotypic CD4 cell tolerization, adoptive transfer recipients were immunized on 4 consecutive days with either gp96-HA peptide complexes or soluble HA peptide boluses (tolerogenic control) or once with vacc-HA (immunogenic control). After recovery from the draining LNs on the fifth day, virtually all the clonotypic CD4 cells were found to have undergone CFSE dilution in all three recipient groups (Fig. 5A) . As expected, vacc-HA-primed clonotypic CD4 cells expressed high levels of IFN-␥, but no IL-4 after in vitro restimulation, such as where soluble HA peptide and gp96-HA peptide complex-primed counterparts could not express much of either effector cytokine. Interestingly, gp96-HA peptide compleximmunized clonotypic CD4 cells were able to express IL-2 and TNF-␣ (cytokines whose expression do not require Th1 or Th2 differentiation) at levels that were almost as high as in the vacc-HA controls. In contrast, IL-2 and TNF-␣ expression potentials were lower in the soluble peptide-tolerized controls (Fig. 5B) . This result suggests that although gp96 cannot prime Th1 or Th2 CD4 cell effector function, it does not induce tolerance. To extend this analysis, 3.5 ϫ 10 4 clonotypic CD4 cells from each of the primary adoptive transfer recipient groups were retransferred into secondary recipients that had been immunized with vacc-HA, and 6 days later spleens were analyzed to assess expansion of clonotypic CD4 cells (Fig. 5C ). Clonotypic CD4 cells could not be detected in nonimmunized control recipients that received 3.5 ϫ 10 4 naive clonotypic CD4 cells (data not shown). In response to secondary immunization with vacc-HA, clonotypic CD4 cells that had initially been primed with gp96-HA peptide complexes underwent expansion to ϳ0.8% of the splenocyte population, such as where soluble peptide-tolerized counterparts expanded 4-fold less. The ability of the peptide-tolerized clonotypic CD4 cells to undergo limited expansion might have been related to their ability to express lower levels of IL-2 (Fig. 5B) . Clonotypic CD4 cells that were initially primed with vacc-HA underwent slightly (ϳ70%) greater expansion then counterparts initially primed with gp96-HA peptide complexes, suggesting that vacc-HA-primed effectors are hyper-responsive to secondary immunization. Taken together, these data suggest that gp96-peptide complexes induce neither CD4 cell effector differentiation nor tolerization.
Discussion
CD8 cells have previously been shown to have a greater proliferative capacity than CD4 cells (33, 34) as well as more stable memory after viral infection (34, 35) . Additionally, in vitro studies have suggested that whereas CD8 cells only require a short period of antigenic stimulation to become programmed to differentiate into effectors (36, 37) , CD4 cell effector differentiation generally requires longer periods of antigenic stimulation and/or extrinsic cytokines (38 -40). Our current study appears to be consistent with these previous observations by suggesting that CD4 and CD8 cells might differ in their immunization requirements for developing the capacity to express the effector cytokine IFN-␥. Thus, an immunogen (i.e., gp96-peptide complex) that induces cognate naive CD8 cells to both proliferate and develop the capacity to express IFN-␥ can induce cognate naive CD4 cells to proliferate, but not to differentiate into effectors that have the capacity to express IFN-␥. These CD4 cells are not tolerant, however, as they can express high levels of IL-2 and TNF-␣ and can also undergo expansion in response to secondary immunization with virus. It is interesting to note that a previous study using a tumor model found that immunization with gp96 at doses approximating those used in our study (50 g ) elicited a suppressive CD4 cell activity that inhibited tumor immunity (41) . Although our current observation that relatively high dose gp96 immunization does not lead to Ag-specific CD4 cell tolerance might appear surprising given this previous study, it should be pointed out that whereas high dose gp96 immunization suppresses tumor immunity, it does not suppress the development of CTL (P. Srivastava, unpublished observations). Thus, the ability of high dose gp96 immunization to suppress tumor immunity might not necessarily be related to the response of naive CD4 cells specific for peptides chaperoned by gp96. The ability of gp96 to selectively induce IFN-␥ expression potential in our system appears to be the consequence of an inherent difference in the immunization requirements for CD4 and CD8 cells to develop effector capacity, rather than a lower avidity of the 6.5 compared with the clone 4 TCR for its respective MHC-peptide ligand or a lower complexing efficiency for the class II-restricted peptide for gp96 compared with the class I-restricted peptide for the following reasons. First, the 6.5 TCR has a high avidity for its cognate I-E d -peptide ligand (42), and 6.5 clonotypic CD4 cells readily develop IFN-␥ expression potential in response to vacc-HA. Additionally, if either of the above-mentioned alternate explanations were correct, immunizing with higher doses of complex or, conversely, adoptively transferring fewer clonotypic CD4 cells (to increase the ratio of immunizing Ag to CD4 cells) should elicit effector function. To the contrary, when 1 ϫ 10 5 naive clonotypic CD4 cells were adoptively transferred rather than the usual 2.5 ϫ 10 6 , 70 g of gp96-HA peptide complex was still unable to induce IFN-␥ expression potential (data not shown). Along similar lines, immunizing with lower doses of vacc-HA results in a smaller percentage clonotypic CD4 cells undergoing division, but those divided cells do acquire the potential to express IFN-␥ (data not shown), suggesting that the absolute level of Ag presentation per se does not determine whether clonotypic CD4 cells develop effector function in this system. Finally, although clonotypic CD4 cells primed with gp96-peptide complexes undergo fewer rounds of division (2-5) compared with vacc-HA (6 or greater), this weaker proliferative response is unlikely to fully account for the lack of effector function, as clonotypic CD4 cells primed with vacc-HA develop the ability to express very high levels of IFN-␥ by their second or third division (23) . Taken together, these data support the idea that gp96 is an inflammatory mediator that selectively primes CD8 cell effector function.
It is not clear what mechanisms allow gp96 to selectively elicit IFN-␥ expression potential in CD8 cells, although they might be related to differences in both the costimulatory signals that are required to elicit CD4 vs CD8 cell effector responses (43) (44) (45) (46) as well as the transcriptional pathways that regulate IFN-␥ expression in the two cell types (47, 48) . With regard to costimulatory signals, it is worth noting that gp96 can induce B7.2, but not CD40, expression on immature DCs (13), and CD40 has been shown to be important for CD4 cell, but not CD8 cell, responses to lymphocytic choriomeningitis virus (45) .
The immunological properties of HSPs such as gp96 were first characterized by the ability of purified preparations to induce CTL FIGURE 3. gp96 can facilitate in vivo presentation of MHC class I-restricted epitopes. Naive Thy1.1 ϩ CFSE-labeled clonotypic CD8 cells were adoptively transferred into Thy1.2 ϩ NT recipients that were simultaneously immunized intradermally with vacc-HA, 130 g or 10 ng of soluble HA peptide, 7 g of gp96-HA peptide complexes, 7 g of gp96-AH1 peptide complexes, or 7 g of gp96-AH1 complexes and 130 g of soluble HA peptide. Four days later, clonotypic CD8 cells (Thy1.1 ϩ ) were recovered from the draining LNs and analyzed for their proliferation response (i.e., CFSE dilution). Each histogram is representative of three separate replicates, except for the 7 g of gp96-AH1 complexes and 130 g of soluble HA peptide group, which is representative of two replicates. gp96 SELECTIVELY PRIMES CD8 CELL EFFECTOR FUNCTION and anti-tumor immunity (11) . Interestingly, tumor immunity elicited by gp96-based vaccines is less dependent on CD4 than on CD8 cells (49, 50) , consistent with our current observation that gp96 can prime CD8, but not CD4, cell effector capacity. As CD4 cell help is not required for primary CD8 cell effector responses, but is required for CD8 memory (51, 52) , our data suggest that CD8 cell memory might not be efficiently generated by HSP-peptide complexes. Consistent with this possibility, hsp70-peptide complexes elicit strong primary CD8 cell effector responses, but relatively weak memory (53) .
Given that HSPs are released from necrotic cells (13, 20) and can promote DC activation/maturation (12) (13) (14) (15) (16) , HSPs might play a role in priming effector T cell responses against intracellular lytic pathogens. Our current data suggest that whereas the HSP gp96 can facilitate in vivo presentation of both MHC class I-and class II-restricted peptides as well as prime CD8 cell effector function, overall it is less immunogenic than the lytic virus vaccinia. Thus, gp96 possesses some capacity to prime effector T cell responses, but it (and possibly other HSPs) might need to act in concert with pathogen-derived or pathogen-induced inflammatory mediators to elicit maximal effector responses. Thus, release of HSPs after necrosis induced by noninfectious mechanisms (e.g., physical trauma) would be less likely to elicit effector T cell responses to self-Ags. 4. gp96 can elicit CD8 cell effector function. Clonotypic CD8 cells recovered from the recipients described in Fig. 3 were restimulated in vitro with HA peptide-pulsed APCs and subsequently stained for intracellular IFN-␥ and TNF-␣ expression. The naive group derived from the undivided cells that had been exposed to gp96-AH1 peptide complexes. Representative FACS plots of IFN-␥ vs TNF-␣ expression, with the percentage of clonotypic CD8 cells expressing each cytokine (as well as the level of IFN-␥ expression (mean fluorescence intensity) in parentheses) shown for each quadrant.
